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Abstract
This paper describes the concentration dependences of piezoelectric coefficients, squared figures of merit and electromechanical coupling factors which have been calculated for 1-3 and 1-0-3 piezo-active composites based on single crystals of relaxor-ferroelectric solid solutions of (1 − x)Pb(A 1/3 Nb 2/3 )O 3 -xPbTiO 3 where A = Mg, Zn. The role of the single-crystal component, its electromechanical properties and the polymer matrix (monolithic or porous) in forming these concentration dependences is analysed to demonstrate the ranges in which effective composite parameters are most sensitive to material properties and composite architecture, with particular emphasis on where their maximum values are attained. The basic variables in this study are the chemical composition (x and A), volume concentrations of the single-crystal component, the presence of pores in the polymer matrix and the aspect ratio of the spheroidal pores. It has been shown that particularly high values of piezoelectric coefficient g * 33 ∼ 10 2 mV m N −1 and hydrostatic piezoelectric coefficients g * h ∼ 10 2 mV m N −1 and d
Introduction
Due to their excellent electromechanical properties near the morphotropic phase boundary [1, 2] , single crystals of relaxorferroelectric solid solutions of (1 − x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-xPT) and (1 − x)Pb(Zn 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PZN-xPT) are of interest for many piezotechnical applications, e.g. as active elements of sensors, actuators or piezoelectric transducers and as a component of modern piezo-active composites [3] [4] [5] . These single crystals, whose compositions are in the vicinity of the morphotropic phase boundary at room temperature, are characterized by a variety of domain and heterophase structures [1, 6] , domain switching and rotation effects, high piezoelectric activity and considerable dielectric permittivities, elastic compliances and electromechanical coupling factors [2] [3] [4] [7] [8] [9] [10] [11] . Recently, full sets of the piezoelectric, dielectric and elastic constants have been experimentally determined for a variety of compositions of the above-mentioned single crystals. For example, these property sets are known for (001) cuts (related to the perovskite unit-cell axes) for multidomain PMN-xPT single crystals with x = 0.30, 0.33 and 0.42 (4 mm symmetry) [2, 10, 11] and multidomain PZN-xPT single crystals with x = 0.045, 0.07 and 0.08 (4 mm symmetry) [3, 7, 8] as well as for singledomain PMN-0.33PT crystal samples with 3 m symmetry. All the above-mentioned electromechanical constants have been measured at room temperature. The application of the above-mentioned single crystals as piezo-active components of advanced composites has been discussed in a series of recent papers. Experimental papers [3] [4] [5] related to this subject are concerned with performances of single crystal/polymer composites, such as 0-3 composites based on PMN-0.35PT and 1-3 composites based on PZN-0.08PT or PMN-0.33PT. The active role of the relaxor-ferroelectric single-crystal components in forming the piezoelectric properties of 0-3 and 0-1-3 composites was analysed in a recent work [12] . With regard to composites with 1-3 connectivity, it is of interest to undertake a comparative study of a variety of possible single crystal/polymer composites. The effect of electromechanical properties of the PMN-xPT or PZN-xPT single crystals on composite properties is to be studied, along with a thorough examination of the use of a porous polymer matrix to further improve composites performance. The main aim of the present paper is the determination and analysis of important concentration dependences of the effective parameters of the 1-3-type composites based on PMN-xPT or PZN-xPT single crystals with compositions chosen near the morphotropic phase boundary.
Structure of 1-3-type composites and features of their effective parameters

Structure and effective electromechanical properties of 1-3 and 1-0-3 composites
Consider a composite sample (figure 1) poled by an electric field E|| OX 3 and containing a system of single-crystal rods in the form of rectangular parallelepipeds which are continuous in the OX 3 direction. Lateral crystal faces are parallel to the (X 1 OX 3 ) and (X 2 OX 3 ) planes related to the coordinate system X 1 X 2 X 3 . The main crystallographic axes x, y and z of each single crystal with 4mm symmetry are oriented as follows: x|| OX 1 , y|| OX 2 and z || OX 3 . It is assumed that the rods are regularly distributed in a polymer matrix which can be monolithic or porous. In the last case, the matrix contains a system of regularly distributed spherical or spheroidal air inclusions that occupy the sites of a simple cubic or tetragonal lattice, respectively. The radius or the largest semi-axis of these pores should be considerably less than the length of the side of the square being the intersection of the rod by the (X 1 OX 2 ) plane. The above-described composite sample with the monolithic or porous matrix is described by the 1-3 or 1-0-3 connectivity, respectively. As is the case for the manufactured 1-3 composites [3] , it is assumed that the poling procedure is carried out after inserting the aligned rods into the matrix and covering the composite sample with electrodes parallel to the (X 1 OX 2 ) plane.
The determination of the effective electromechanical properties of the system 'rods with the volume concentration m-matrix with the volume concentration 1−m' is carried out using the matrix method [13, 14] . The volume concentration m is defined as the ratio of the total volume of the rods to the volume of the composite sample. The matrix method is based on averaging the electromechanical constants of the rods and the matrix in the OX 1 and OX 2 directions [14] , in which the regular (periodical) structure of the composite is observed. The electromechanical constants (i.e. full sets of elastic compliances s E ij measured at constant electric field E, piezoelectric coefficients d kl and dielectric permittivities ε σ ff measured at constant stress σ ) of both the components of any symmetry are averaged by taking into account boundary conditions [13] for the electric and mechanical fields. These boundary conditions at x i = constant correspond to the continuity of three normal components of the mechanical stress σ iv , three tangential components of the mechanical strain ξ rt , one normal component of the electric displacement D i and two tangential components of the electric field E j where i = 1 or 2, v = 1, 2, 3. The subscripts r, t and j are not equal to i and can 'have' values 1, 2 or 3.
In the case of the 1-0-3 composite, we first calculate the effective constants of the polymer matrix with aligned spheroidal pores (that occupy the sites of a simple cubic lattice) and its dependence on m p , where m p is the ratio of the total volume of the pores to the volume of the matrix. The corresponding averaging procedure is carried out by means of the effective field method [15] based on Eshelby's concept of spheroidal inclusions [16, 17] . As follows from our consideration, the porous matrix is characterized as a transversely isotropic medium. Our further calculations are carried out using the experimental room-temperature electromechanical constants of the PMNxPT [2, 10] and PZN-xPT [3, 4, 7, 8] single crystals and polymers [18] [19] [20] .) 3 As a result, we obtain concentration dependences of the full set of the effective elastic compliances
and dielectric permittivities ε * σ ff (m, m p ) of the studied 1-0-3 or 1-3 (for m p = 0) composites. Based on these effective parameters and formulae [18] [19] [20] [21] , one can evaluate the piezoelectric coefficients ||e * || = ||d * || · ||s * E || −1 , ||g * || = ||d * || · ||ε * σ || −1 and ||h * || = ||e * || · ||ε In addition, the elastic and piezoelectric anisotropy of the rods as well as differences between the elastic constants of the rod and the matrix considerably influence the piezoelectric sensitivity and the hydrostatic parameters of the 1-3 composite, as shown [22] for the ferroelectric ceramic-based composites. It should be noted that the maximum values of the effective parameters calculated for the PZN-xPT-based composites are located in fairly narrow ranges for each composition (see table 1 ). This behaviour is accounted for by monotonous dependences s 2 are attained in the PMN-0.33PT-based 1-3 composite due to the composition lying close to the morphotropic phase boundary [1] . As a consequence, the PMN-0.33PT single crystal is characterized [2, 10] by the largest values of the elastic compliances |s [4] are less than those from the complete set of the electromechanical constants measured in the work [2] .
Maxima of effective parameters of 1-3-type composites
In addition to the active piezoelectric component, the use of a porous matrix with the regularly-distributed spherical pores leads to an increase in a series of the effective parameters of the 1-0-3 composites, as compared with the related 1-3 composites (see, e.g. curves 1 and 2 in figures 2 and 3). 
Spheroidal pores in the matrix and piezoelectric response of 1-0-3 composites
Another interesting aspect of the problem of the porous matrix is concerned with its microgeometry. We assume that the matrix contains aligned oblate spheroidal pores being regularly distributed (see inset in figure 1 4 ). The shape of these Table 2 . Experimental values of the room-temperature electromechanical constants of the relaxor-ferroelectric single crystals. inclusions is described by an equation ( [24] for the 0-0-2-2 composites containing one or two relaxor-ferroelectric components (e.g. the PMN-0.33PT and PZN-0.045PT single crystals) and two monolithic polymer components. This advantage appearing at 5 < ρ < 10 is associated with the important role of the porous matrix with the variable c 11,m /c 33,m ratio.
In our study we have varied the porosity of the polymer matrix in the range 0 < m p < 0.3. With regard to the typical mechanical properties of the polymer with 20-30 vol% porosity, it has been observed that the typical decrease in stiffness and strength of such materials is about one order of magnitude [25, 26] , relative to the pore-free material. For a sensor material consisting of a porous polymer with a high stiffness piezo-active material (e.g. singlecrystal rod in our 1-3-type composites), most of the applied mechanical load will be experienced by the piezoelectric phase. Therefore, the polymer strength is unlikely to be a significant problem. Similarly, for an actuator material consisting of a porous polymer and piezoelectric ceramic, the relatively small piezoelectric strain is unlikely to exceed the failure strain of the polymeric material.
Conclusions
In this paper we have predicted the effective electromechanical properties for 1-3 and 1-0-3 piezo-active composites based on single crystals of the relaxor-ferroelectric solid table 4 ). It has been shown that both high piezoelectric activity and considerable piezoelectric sensitivity are attained, particularly for the 1-0-3 PMN-0.33PT-based composite with a polymer matrix containing oblate spheroidal pores (see table 5 ). This information is of value for those considering the use of relaxor-ferroelectric single crystals as a component in 1-3 type piezoelectric composites.
